ABSTRACT New findings have been identified recently for chaos application in communication systems, including the simplest matched filter to maximize the signal-to-noise ratio (SNR) and the ability to resist multi-path propagation. However, chaos has a broad band frequency spectrum, which impedes its application in the conventional wireless communication systems due to the antenna and transducer bandwidth. To deal with such problem, the chaos generated by a second order hybrid system (SOHS) with a fixed basis function is used for Differential Chaos Shift Keying (DCSK) communication. A sinusoidal and its orthogonal signal are used to separate the reference signal and the information bearing signal, which are transmitted in the wireless channel. In such a way, the obstacle to broadband signal transmission in a wireless channel is overcome. A matched filter, using the convolution of the received signal and the time reverse of the basis function, maximizes the SNR at the receiver. Moreover, the proposed SOHS-DCSK provides an additional bitstream due to the chaotic signal generated by the SOHS, being capable to encode information as well. The two information sub-streams can be transmitted simultaneously in the proposed method, which possesses different bit transmission rates and reliability. In this way, the High Priority (HP) information bits are transmitted at a low transmission rate, while the Low Priority (LP) information bits are transmitted at a higher transmission rate. Hence, the proposed SOHS-DCSK method not only provides a higher data transmission rate as compared to the conventional DCSK but also makes the transmitted signal to be compatible with the conventional transducer and antenna. Due to the matched filter used, the proposed method achieves a lower bit error rate of the HP information as compared to the other existing enhanced DCSK variants for both additive white Gaussian noise channel and wireless communication channel. The numerical simulations and experiments based on the wireless open-access research platform show the validity and superiority of the proposed method.
I. INTRODUCTION
Since Hayes et.al. argued in 1993 that chaotic signals can be used in communication systems [1] , [2] , the continuous efforts [3] - [5] are resulting in the successful application to the commercial wired fiber-optic channel [6] . The motivation to apply chaos in communication lies in the significant advantages provided by the chaotic signals, such as the large channel capacity brought by broadband spectrum [7] , The associate editor coordinating the review of this manuscript and approving it for publication was Shuai Han. increased transmission security due to noise-like waveform [8] , delta-function-like autocorrelation property required by spread spectrum systems [9] , [10] , and resistance to multipath propagation owning to chaos properties [11] , [12] .
In the past two decades, many digital chaos-based communication systems have been suggested, and the major efforts have focused on the non-coherent communication systems. Non-coherent communication avoids the chaotic synchronization, which is hard to achieve when the received signal is seriously distorted by the communication channel.
The typical non-coherent communication system is the Differential Chaos Shift Keying (DCSK) [13] and its constant power version Frequency Modulated DCSK (FM-DCSK) [14] , the FM-DCSK has already been included in the latest international standard for Wireless Body Area Networks (WBANs), see, IEEE 802.15.6 [15] . These methods transmit the reference signal and information bearing signal successively, so that they undergo the same channel distortion, which makes the communication systems to exhibit strong robustness to channel distortions, and to achieve low bit error rate (BER) in complex communication channels. The demodulation is carried out without the channel estimation, which simplifies the decoding algorithm, especially for lowcost, low-power and low-complexity Wireless Personal Area Networks (WPAN) and for Wireless Sensor Networks (WSN) applications [16] , [17] . In addition, a Noise Reduction DCSK (NR-DCSK) system is presented in [18] to further enhance system performance, where the chaotic signal samples are duplicated p times in the carrier signal. The average operation at the receiver acts as a filter to reduce the effect of noise, which decreases the BER significantly as compared to the conventional DCSK and FM-DCSK. However, the drawbacks of all such methods are the low data transmission rate and the use of wideband delay units, which are difficult to implement in the current Complementary Metal Oxide Semiconductor (CMOS) technology [19] . In [20] , a High Efficiency DCSK (HE-DCSK) is proposed to achieve double bit transmission rate and slightly better BER as compared to the conventional DCSK method. However, it requires more delay units in the system configuration, which increases the complexity of device implementation. In [21] , a ReferenceModulated DCSK (RM-DCSK) is proposed to reduce the number of delay units required by HE-DCSK, which achieves similar BER and data transmission rate to that of the HE-DCSK. Moreover, [22] - [24] either considered the orthogonality of Walsh code sequence or designed orthogonal chaotic basis signals to transmit multi-bits simultaneously, which improved the spectral efficiency and the data transmission rate, effectively. However, the orthogonality is destroyed in the wireless channel, which restricts the application of those methods. Reference [25] proposes an Improved DCSK (I-DCSK) to avoid the usage of delay units, which achieves double bit transmission rate and lower BER as compared to the conventional DCSK. The drawback of I-DCSK is its sensitivity to Inter-Symbol Interference (ISI) caused by the multipath propagation in the wireless communication, which degrades the BER performance. Other methods that avoid the usage of delay units are proposed in [26] and [27] . In [26] , the reference signals and information bearing signals, generated by a logistic map passes through a squareroot-raised-cosine (SRRC) filter, are separated by a sinusoidal and its orthogonal signals (referred to as PS-DCSK for brief). This method also avoids the delay units and achieves twice as much data rate as the original DCSK. In [27] , the DCSK system using a First Order Hybrid System and orthogonal sinusoidal carriers to separate the reference signal and information bearing signal in order to achieve doubled data transmission rate (referred to as FOHS-DCSK for brief). Moreover, a corresponding matched filter [28] - [30] is used to resist the channel distortion and multipath propagation, thus improving the BER performance. However, the chaotic baseband signal in the FOHS-DCSK generated by the basis function does not satisfy the Nyquists ISI-free criterion [31] , which restricts the lower bound on the BER performance of the FOHS-DCSK.
A new DCSK scheme (SOHS-DCSK), using a second order hybrid system, is proposed in this work to reduce the ISI in order to achieve lower BER and to encode an additional bit stream transmission in the chaotic signal in order to achieve higher bit transmission rate as compared to FOHS-DCSK and PS-DCSK. The proposed SOHS-DCSK provides two substreams within a symbol duration according to the different reliability requirements, where the High Priority (HP) substream could be used to transmit the important data information, at the same time, the Low Priority (LP) sub-stream could be used to transmit the lower importance information, such as voice information. At the transmitter, the LP bit stream is encoded into the chaotic signal generated by the convolution of the information bit and the basis function. The chaotic signal containing the LP information bits is used as the reference signal and the information bearing signal after multiplying with the HP information bit. Then, the reference signal and the information bearing signal are transmitted separated by orthogonal sinusoidal carriers rather than using the time delay. Due to the carriers being transmitted simultaneously in the same time slot, SOHS-DCSK not only achieves double HP bit transmission rate, but also avoids the difficulty with the implementation of delay units faced by the conventional DCSK, moreover, achieves the additional LP bit stream transmission. The frequency modulation operation makes the proposed method compatible with the conventional transducer and antenna. At the receiver, the demodulation process is performed without chaos synchronization and channel equalization. The matched filter uses the convolution of the received signal and the time reverse of the basis function to relieve the effect of multipath and ambient noise. Then, the points with the maximum SNR, sampled from the outputs of the matched filters corresponding to the reference and information bearing signals, respectively, are used to recover the LP information bits and correlation operation to further decrease the BER of the HP bit information. Then the LP information bits are recovered.
The paper is organized as follows: The system configuration of the proposed SOHS-DCSK is introduced in Section II. Simulation analysis of the proposed SOHS-DCSK and comparison with the conventional DCSK [13] , NR-DCSK [18] , HE-DCSK [20] , RM-DCSK [21] , I-DCSK [25] , PS-DCSK [26] and FOHS-DCSK [27] are given in Section III. Experimental comparison results in different scenarios are given in Section IV. Finally, conclusions are given in Section V. 
II. SOHS-DCSK SYSTEM CONFIGURATION A. SECOND ORDER HYBRID SYSTEM (SOHS)
The hybrid system contains a continuous state u (t) ∈ R and a discrete symbol sequence s(t) ∈ {±1} given by [28] 
where ω and β are parameters satisfying ω = 2πf , β = f ln2, and f is the base frequency of the chaotic signal. The discrete state s is defined by the guard conditioṅ
where sgn is defined as
A typical time series of the continuous state u (t) and discrete symbol sequence s (t) are shown in Fig. 1 , where the base frequency is f = 4Hz, the continuous state and discrete symbol are given with blue solid line and red dotted line, respectively. The inset shows a phase space projection of the chaotic attractor. Signal u(t) in Eqs. (1)- (3) can be rewritten as a linear convolution using symbol sequence s (t) and the basis function, given by
where the basis function P (t) is
Equations (4) and (5) act as a chaotic shape forming filter in digital communication as defined in [32] , which together with the corresponding matched filter defined in the following Eq. (6) play a role of maximizing the signal to noise ratio [12] . The plot of the basis function with f = 4Hz is shown in Fig. 2 .
B. THE MATCHED FILTER CORRESPONDING TO THE HYBRID SYSTEM
At the receiver, a matched filter is given by
where v (t) is the filter input signal, x (t) is the filter output signal, and g (t) = P (−t) is the time reverse of the basis function. Equation (6) helps to relieve the effect of interference caused by multipath propagation and ambient noise, thus maximizing the SNR at the receiver.
C. THE PROPOSED SOHS-DCSK SCHEME
The block diagram of the proposed SOHS-DCSK is shown in Fig. 3 . In the proposed method, the HP data transmission rate is R b bits per second, corresponding to HP bit duration, T b . The LP data transmission rate is R s bits per second, corresponding to LP bit duration, T s . The LP information bits are encoded into the chaotic signal using Eq. (4), which can be implemented by using simple electronic circuit in [4] or digital Finite Impulse Response (FIR) filter in [32] . The chaotic signal containing the LP information bits is used as the reference signal of the HP bit in the proposed SOHS-DCSK. The reference signal and the information bearing signal, obtained by the reference signal multiplied by the HP information bit, are separated by orthogonal sinusoidal carriers, which are generated by a numerically controlled oscillator (NCO). The transmitted signal for the HP information bit b HP k is given by
where u (t) is the chaotic signal containing the LP information bits, t is the sampling interval, f c is the carrier frequency, n samp is the number of sampling points for each LP bit duration T s , N s is the number of LP bits in one HP bit duration, defined as the spreading symbols, i.e., N s = T b /T s , and L = N s * n samp is the number of sampling points for each HP bit duration, which is referred to as spreading gain in conventional DCSK system. Then, the HP bit duration is
To illustrate the proposed method, we use the following example. Assume that two HP bits to be transmitted are B HP 2 = [+1, −1] and the HP data transmission rate is R b = 1 bit/s, as shown in Fig. 4 (a) with blue solid line, where the HP bit duration T b = 1s. Set the spreading symbols N s = 4, n samp = 64, carrier frequency f c = 10kHz and the base frequency of the chaotic signal f = 4Hz, then T s = 0.25s and L = 256, i.e., the LP bits data transmission rate is R s = 4 bits/s. Assume that eight LP bits to be transmitted are B LP (1) is much less than the ISI of the first order hybrid system in [27] , which can be seen from the normalized auto-correlation of the basis function for the FOHS and SOHS, as given by the red dotted line and the blue solid line, respectively, in Fig. 4(c) . Then, the frequency spectrum of the chaotic signal is shifted by the frequency modulation in Eq. (7) to the spectrum centered by the carrier frequency, as shown in Fig. 4(d) , which makes the proposed method compatible with the conventional transducer and antenna. After the transmitted signal passes through the communication channel, the received signal is shown by the black solid line in Fig. 4 (e), and the transmitted signal is also plotted using blue dashed line in the same figure for comparison purpose. At the receiver, the received signal v k (t) is firstly multiplied by the synchronized orthogonal carriers, respectively, to obtain the demodulation signal v 1k (t) and v 2k (t) given by
where h (t) is the impulse response of the channel, f is frequency offset caused by the channel and the communication equipment, and * denotes as the convolution operation.
Given that demodulated signals are fed into the matched filter in Eq. (6), the matched filters output signals, x 1k (t) and x 2k (t), are shown using the blue dashed line and red solid line, respectively, in Fig. 4 (f). The interference is reduced significantly in the filter output signals. The optimal SNR point sequences z 1k and z 2k for information bit, b k , are obtained by sampling the matched filter output signals, x 1k (t) and x 2k (t), with a fixed interval, T b /N s , respectively, which are given by
where 1 ≤ i ≤ N s , z 1k (i) and z 2k (i) are marked using pentagrams on the waveform of x 1 (t) and x 2 (t), respectively, in Fig. 4 (f). The optimal SNR point sequence z 1k (i) is used to recover the LP information bits, as given bỹ
and the sequences z 1k (i) and z 2k (i) are also used for correlation detection in order to recover the kth HP information bit
and the kth HP information bit is recovered as
III. PERFORMANCE ANALYSIS A. AWGN CHANNEL
In order to analyze the BER performance of the proposed method, the process of the channel modulation is ignored for simplicity. The received reference signal and the information bearing signal are given, respectively, by where w 1 (t) and w 2 (t) are the Gaussian white noise in the reference signal and the information bearing signal, respectively. The outputs of the matched filters for the kth information bit are
where m is the mth symbol during kth HP information bit. The filters outputs are sampled at t = n/f to get the following sampled data
where f is the base frequency of the chaotic signal, 1 ≤ n ≤ N s means the nth chaotic symbol in the kth HP bit duration T b . I n is the autocorrelation of the basis function P (t) at m = n, given by
ξ ik (i = 1, 2) are the inter-symbol interferences (ISI) caused by the reference chaotic signal and the information bearing chaotic signal, respectively, given by
and 2) are the filtered noise with zero mean and the variance equal to N 0 2 I n , according to the analysis in [12] and [33] . The decision variable for the kth HP bit b HP k is given by
where
, and the density function of
as given by [34] . Expectation of the decision variable Z k is obtained by
where E (·) represents the expectation operator and N s is the number of spreading symbol in one bit. Because E (s n ) = 0 based on the statistical characteristics of the transmitted chaotic signal and
The energy required to transmit one HP bit would be E HP b = 2N s E s 2 n , then
Subsequently, the variance of Z k is
where D (·) represents the variance operator. As a result, the analytical BER expression of high priority for the SOHS-DCSK can be given as
where erfc (·) is the complementary error function. In addition, the LP bit energy is equal to
According to the results in [34] , the analytical BER expression of LP bit for the SOHS-DCSK can be given as
B. WIRELESS CHANNEL
The transmitted signal passes through a wireless channel given by
where L is the number of multipaths, α l and τ l are the attenuation and time delay corresponding to path l, and δ (·) is the Dirac δ function. The received signals of reference and information bearing signals are
and
where '*' denote as convolution operation; the other notations are the same as Section III-A. The outputs of the matched filter for kth information bit are
According to [12] , two filters outputs are sampled at t = n/f , we have
and 
where A= 
, ik = I past + I future , and I past and I future are uniform distribution
according to [12] . Therefore, the expectation of the decision variable Z k is
and the variance of Z k is
Finally, the BER for HP information bits over the wireless channel is
, and erfc (·) is the complementary error function, defined as
According to [12] , the BER expression of LP information bit can be given as
, and G 2 = N s
In the next two Sections, simulation and experiment are conducted to test the performance of the proposed method.
IV. PERFORMANCE ANALYSIS OF THE PROPOSED METHOD BY SIMULATION
In order to validate the SOHS-DCSK method and compare it with the conventional DCSK [13] , NR-DCSK [18] , HE-DCSK [20] , RM-DCSK [21] , I-DCSK [25] , PS-DCSK [26] and FOHS-DCSK [27] , the simulation results over the additive white Gaussian noise (AWNG) channel and wireless channel are given in this Section. Figure 5 shows BER performance results for the proposed SOHS-DCSK, the conventional DCSK [13] , NR-DCSK [18] , HE-DCSK [20] , RM-DCSK [21] , I-DCSK [25] , PS-DCSK [26] and FOHS-DCSK [27] with the same number of sampling points L = 512, and the same data transmission rate R b = 187.5 bits/s, where the sampling frequency f s = 96kHz, N s = 8, and n samp = 64 for the proposed method. The carrier frequency is set as f c = 1.8kHz for SOHS-DCSK, FOHS-DCSK and PS-DCSK. The duplicated times p = 8 in the NR-DCSK, the bit transmission rate and system parameters are given in Table 1 , where the Eb/N 0 is 12dB. Figure 5 gives the BER comparisons of different methods for the same spreading gain in subplot (a) and for the same data transmission rate in subplot (b), respectively. We can see from Fig. 5(a) that the HE-DCSK and the RM-DCSK have similar BER, and slightly worse than the PS-DCSK, but outperform the DCSK. I-DCSK and NR-DCSK reduce the BER as compared to DCSK. The performance of FOHS-DCSK is degraded as compared to NR-DCSK and I-DCSK with the increasing SNR. This is because the basis function, which forms the chaotic signal in FOHS-DCSK, has large ISI; the ISI becomes dominant in the BER performance as the SNR level increasing. Figure 5(b) show the BER comparison with the same data transmission rate of 187.5 bits/s, we establish that BER of the HP information bits of the proposed method shows the best BER performance among the comparison methods over the AWGN channel and even the BER of the LP information bits outperforms comparison methods except NR-DCSK and FOHS-DCSK in Table 1 . It should be noted when n samp = 1 is used in the PS-DCSK, that the BER performance is worse than the comparison methods, as shown in Fig. 5(a) ; when the same n samp is used in the SOHS-DCSK and PS-DCSK, the SOHS-DCSK shows slightly better BER than the PS-DCSK, because SRRC is designed for the binary signal, as shown in Fig. 5(b) . From Fig. 5 , we gather that BERs for both the HP and the LP information bits of the SOHS-DCSK are close to the theoretical ones, and it is more robust to noise in the AWGN channel as compared with other DCSK variants. This is because the matched filter maximizes the SNR at the receiver, and the decision using multi-points with maximum SNR correlation further reduces the BER.
A. PERFORMANCE SIMULATION IN THE AWGN CHANNEL

B. PERFORMANCE ANALYSIS IN THE WIRELESS CHANNEL
The BER performance of different methods in the wireless channel for the same spreading gain and the same bit transmission rate R b = 93.75 bits/s are shown in Fig. 6(a) and Fig. 6(b) , respectively, where N s = 16 and n samp = 64 for the proposed method. The average power gains of the first, second and third paths are E 1 = 0.6, E 2 = 0.3, and E 3 = 0.1 with delay τ 1 = 0, τ 2 = 0.0042s and τ 3 = 0.0094s, respectively. The sampling frequency of the Digital-to-Analog Converter (DAC) f s = 96kHz, the system parameters configuration and performance comparison are given in Table 2 , where the Eb/N 0 is 12dB. As observed in Fig. 6 , the I-DCSK performance degrades dramatically, it is even worse than the HE-DCSK and RM-DCSK, since I-DCSK is sensitive to ISI caused by multipath propagation. The enhancement of the performance in NR-DCSK is proportional to the duplicated times p. However, NR-DCSK is an Ultra Wide Band (UWB) communication method, which is not suitable for the complex bandwidth limited channel, such as the shortwave wireless channel and the underwater acoustic channel. The BER performance for HP information of the proposed SOHS-DCSK method is superior to other improved DCSK variants in the wireless channel. The performance is greatly enhanced by using matched filter and multiple maximum SNR points correlation. As compared to FOHS-DCSK, the SOHS-DCSK achieves better performance due to the lower ISI caused by the chaotic signal in the proposed method. It should be noticed that the timevarying threshold in [12] is used to decode the LP information bits. The BER performances of HP and LP information bits over the wireless channel are consistent with the theoretical ones. In addition, at low Eb/N 0 range, the BER performance of LP information stream is better than most comparison methods. The achieved BER comparison for AWGN channel, with the same data rate of 187.5 bits/s shown in Fig. 5(b) and the BER comparison for the wireless channel with the same data rate of 93.75 bits/s shown in Fig. 6(b) , show that the proposed method has the best BER performance among the comparison methods for both the AWGN channel and the wireless channel. A point to be noticed here is that the shape forming filter and the corresponding matched filter are used, which achieves maximum signal to noise ratio. Therefore, the proposed method and the PS-DCSK, both using this configuration, outperform the conventional DCSK significantly. Both the shape forming filters, including the chaotic shape forming filter used by the proposed method and the square root raised cosine filter used in PS-DCSK, are designed for digital signal, namely [1,-1] . However, the logistic map output, i.e., a real number in [0, 1], being used in PS-DCSK as the shape forming filter input, slightly degrades the noise resistance performance of the corresponding matched filter. As a result, the performance of PS-DCSK is slightly inferior to the proposed method. If one keeps the spreading gain the same but n samp = 1, as learned from PS-DCSK literature [26] , the PS-DCSK degrades a lot as seen from Tables 1 and 2 . However, the result of PS-DCSK is consistent with the result derived by using the same n samp as that of our proposed method in this paper, which is also given in Tables 1 and 2 .
Moreover, Figure 7 presents results on the influence of the parameter N s versus BER performance under different VOLUME 7, 2019 as N s_opt ) for a fixed E b /N 0 , when N s < N s_opt , the BER is increasing with the decreasing of N s ; when N s > N s_opt , the BER is increasing with the increasing of N s . ii) The N s_opt is increasing with the increasing of E b /N 0 . This is because the influence of ISI caused by the chaotic signal is dominant on BER with the increasing of E b /N 0 , while the crosscorrelation of chaotic signal approaches 0 with the increasing of spreading gain. iii) N s_opt is larger in the wireless channel as compared with the AWGN channel at the same E b /N 0 , because the larger N s means optimal SNR sampling points to provide a better multi-path effect resistance.
V. EXPERIMENT BASED ON WIRELESS OPEN-ACCESS RESEARCH PLATFORM (WARP)
The experimental implementation of the proposed SOHS-DCSK and the comparison methods are conducted using two Wireless Open-Access Research Platform (WARP) with Virtex-6 LX240T FPGA, as shown in Fig. 8 . The sampling frequency of the Analog-to-Digital Converter (ADC) is f s = 40MHz. At the transmitter, the information is grouped into frames, as shown in Fig. 9 . The known Synchronizing (Sync) signals generated by logistic map are regularly inserted before valid data as a frame starter to implement the frame synchronization and frequency offset compensation at the receiver. The data in each frame includes the modulated signal pieces of 100 information bits for DCSK, NR-DCSK, HE-DCSK, RM-DCSK, I-DCSK, FOHS-DCSK, SOHS-DCSK, and PS-DCSK successively, making these methods to undergo the same channel distortion in order to ensure a fair test environment. In addition, the number of sampling points of these methods L = 128, wherein the n samp = 32 in the SOHS-DCSK to achieve the optimal BER performance. p = 8 in the NR-DCSK. The carrier frequency is f c = 1MHz in the SOHS-DCSK, the FOHS-DCSK, and the PS-DCSK, then, the analog upcarrier of all comparison methods are implemented on the WARP transmitter.
The experimental results for two tests in different scenarios are given in Fig. 10 and Fig. 11 , respectively. The corresponding channel parameter estimation results are given in the Appendix, which shows that the channel of the second test scenario is more complex than the first one. The locations of the transmitter and the receiver for the two test scenarios are marked by red circle in the Fig. 10(a) and Fig. 11(a) , respectively. The horizontal axis of the Fig. 10(b) and Fig. 11(b) is the transmitter power, which is used to alter the SNR equivalently. In both Fig. 10 and Fig. 11 , the oversampling of PS-DCSK is 1. From Fig. 10 and Fig. 11 , we learn that the BER performances are consistent with the simulation results in practical wireless communication tests. We conclude that the proposed method is more robust to the interference caused by multipath propagation and ambient noise.
VI. CONCLUSIONS
In this work, a new DCSK method based on a second order hybrid system is proposed to get higher data transmission rate with respect to DCSK, and better BER performance as compared to the conventional DCSK and some of the enhanced DCSK variants. High data transmission rate is achieved by two-fold ways. The proposed SOHS-DCSK provides two sub-stream within a symbol, the LP sub-stream is encoded into the chaotic signal by convoluting with the basis function with the LP bits, which is used as the reference signal. The reference signal and the information bearing signal formed by multiplying the reference signal with HP sub-stream bit are separated by orthogonal sinusoidal carriers rather than the time delay unit in the conventional DCSK. It not only achieves double HP data transmission rate as compared to the conventional DCSK, but also achieves even higher information transmission rate for LP information. At the same time, it not only avoids the difficulty in transmitting broadband chaotic signals using the antenna or transducer with the limited bandwidth, but also avoids the difficulty in implementing time delay in the conventional DCSK. At the receiver, the proposed method performs demodulation without both chaos synchronization and channel equalization. The matched filter relieves the effect of multipath propagation and ambient noise, and the multiple maximum SNR correlation decision reduces the BER of HP information bit in the proposed method significantly. As compared to FOHS-DCSK in [27] , the proposed method has much lower ISI caused by the basis function, thus achieving lower BER in both the AWGN channel and the wireless channel. Moreover, the frequency modulation in the SOHS-DCSK avoids the transmission of the wideband chaotic signal in the channel, which is compatible with the conventional communication equipment. The simulation and experimental results show the superiority of the SOHS-DCSK as compared to other enhanced DCSK variants, and better application potential in practical communication systems. The proposed scheme improves both the reliability and data transmission rate significantly of the communication system. A chaos property is used to enhance the conventional communication system performance without modification to the system hardware, which promises easy and brilliant application potential. In addition, the proposed method can be applied not only to short range UWB communication, such as Wi-Fi communication system protocol, but also to complex bandwidth limited channels, such as shortwave wireless channel and underwater acoustic channel.
APPENDIX
The channel parameters estimation results of the two experimental test scenarios are performed using the Least Squares (LS) algorithm, as shown in Fig. 12(a) and 12(b) . The unit of delay time is defined as the symbol duration, i.e., T s = n samp /f s = 0.8µs. It can be seen that the second test scenario channel is more complicated than the first one in the case of more paths involved.
